In this article, results from an experiment on the transmission of a sound beam at and above critical incidence onto an interface between two fluids, which are chosen to simulate a water/sand interface, are presented. The incident beam is produced from a parametric array that is arranged to intersect the interface either within the absorption limit of the primary waves, or far outside the same, with the aim to discriminate whether linear or nonlinear processes are responsible for the transmission. Postcritical transmission is found to be basically a linear process, and is observed out to about 10 ø above the angle of critical incidence. Interference between the transmitted field and evanescent waves is observed just beneath the interface. The asymptotic axis of the main penetrating beam is investigated with respect to refraction angle and beam displacement. The field structure becomes markedly different if the primary waves are intersected by the interface, the main difference being the presence of a strong "underlobe" that has no direct counterpart in the incident field as measured in free 
INTRODUCTION
The present article is an experimental study of the transmitted field of a sound beam intersecting an interface between two homogeneous fluid layers above critical incidence. The incident beam is produced by a parametric array.
To discriminate between linear and nonlinear contributions to the transmitted field, the parametric array was modeled to (a) taper the primary waves by absorption such that they could be regarded as nonexistent at the interface, and (b) let the primary waves reach the interface only moderately at- Thus we feel that there is still a need for experimental results to clarify the details of the transmitted field at postcritical incidence. We have chosen a similar procedure to Williams et al. by using two different parametric arrays in order to discriminate between linear and nonlinear effects.
In contrast to their large scale experiment, our measurements are taken with a scaled model experiment at high frequencies, making complete control of the experimental parameters possible. The results show a high degree of structure in the transmitted field, which is analyzed, and an explanation is attempted. Whenever possible the results are compared to theory.
In Sec. I, the experimental conditions are described. Section II describes the results obtained with the two parametric arrays, which is analyzed and discussed in Sec. llI.
Here, we also discuss the linear and nonlinear mechanisms that may contribute to postcritical transmission. The article ends with a summary and conclusions. A brief characterization of the parametric arrays used is given in the Appendix.
I. EXPERIMENT
Since sediments like sand and clay are poor carriers of transverse waves, reflection and transmission can be studied with two immiscible liquids instead of water and sand. This greatly simplifies the practical implementation of the experiment, because it is possible to move the hydrophone continuously on both sides of the interface. Another advantage by using two liquids is that the interface is automatically plane and horizontal. It is, however, not possible to obtain the A small spot size is more easily obtained by using a parametric acoustic array than by a conventional sound source. In order to investigate whether transmission at postcritical angles is mainly of linear or nonlinear nature, we decided to use two different parametric arrays. The first one of these has a circular primary source of radius 15.1 mm and a resonance frequency at 4.25 MHz. This yields an arraylength L4 of approximately 9.5 cm in lamp oil, where the array length is defined asLA =(a,+ab--a ) 1, anda•,ctb, and a_ are the absorption coefficients at the two primary frequencies and the difference frequency, respectively. The second array has a primary source of radius 12.5 mm and primary frequencies centered about 1.77 MHz, which gives an arraylength of 45 cm in lamp oil. For both sources, the requirement 6 < ka < 20 restricts the difference frequencyf to the range 100-300 kHz. In this experiment, 250 kHz was used for most of the runs. Additional parameters for the arrays are summarized in the Appendix.
In a parametric array, the nonlinear interaction takes place mainly within one arraylength from the primary source, and can be neglected at distances greater than about three arraylengths, where only 5% is left of the initial primary energy. This distance should not be confused with the near-field length of the parametric array, which is very much greater. This can be defined as the range where the directivity pattern becomes range independent. Moffett and Mellen '3 approximate this near-field length with Rolo/f_, where Ro = koa2/2 is the primary Rayleigh distance, (subscript 0 refers to the mean primary frequency). This is, however, a simplification of the actual situation, TM which depends on, among other factors, in which of the parameter regions the array belongs (see Appendix).
The tank used in this experiment allowed positioning of the source relative to the interface such that the 4-MHz array produced a small spot at the interface, while the primary waves were almost completely damped away, whereas the 2-MHz array produced a spot of about half this size, but with much energy still present in the primary waves at the inter- of diameter 7 mm, which is only slightly greater than the wavelength in water at 250 kHz. Thus any uncertainty in position due to the finite size of the hydrophone is regarded negligible. Figure 1 describes the experimental configuration and defines the coordinates used in presenting the data. The origin is taken at the vertical projection of the source center onto the interface. The z axis (depth) is vertically downward, and they axis (horizontal range) is along the interface centrally in the tank. The acoustic axis.4, in the upper medium is defined as the line perpendicular to the source face through its center, and coincides with the direction of maximum sound intensity of difference frequency sound. Let L be the distance along the acoustic axis from the center of the source to the interface. The incidence angle is the angle between A, and the z axis.
In the lower medium the beam axis, i.e., the acoustic axis A 2 is harder to define. We have chosen to locate the pressure amplitude maximum as a function of range using pressure level plots by tracing the path of least steep descent. The resulting curve approaches asymptotically a straight line, which we define as the acoustic axis. Note that this approach differs from those used in Refs. 5 and 10. This difference is discussed in Sec. 11I.
The angle of refraction, 0A, is defined as the angle between A 2 and the z axis. AA is the distance between the intersection ofA, andA2 with the interface, and is defined as positive if A, intersects closer to the origin than Figure I also shows a block diagram of the electronics equipment. The sound was transmitted as intermittent bursts, in order to avoid reflections from the walls and from the suspension of the hydrophone. The sound field measured with the hydrophone was sampled with a HP 3437A System Voltmeter, after amplification and filtering. Continuous wave conditions were obtained artificially by sampling the signal in the stable region after the transients had died out. Only one sample was taken for each burst, so the amplitude had to be determined by sampling a number of successive bursts at slightly increasing delays. All measurements of pressure amplitude were done at the same period, approximately in the middle of the burst. Moreover, at each delay an average over ten samples was made to reduce noise.
The position and orientation of both the source and the hydrophone were remotely controlled by a microcomputer, which also controlled the data recording. The sound field in the lower fluid (water) was sampled by moving the hydrophone in a plane with steps of about 5 mm, for a total of 120 steps horizontally, and 40 steps vertically. The time needed for recording the field for one set of parameters was about 36 h.
II. RESULTS

A. 4-MHz array
The primary source was positioned to an accuracy in height ofAH = 0.5 ram, and ofangle A0 = 0.1 ø. The accuracy of the hydrophone position was: Ax = 0.5 mm, Ay = 0.6 mm and Az = 1 min. The hydrophone was moved horizontally away from the source, lowered to the next depth at the end of the trace, and moved horizontally back again until the carriage reached a stopping block, fixed at a suitable distance from the source. Thus horizontal position is reset at every other trace, and any accumulating error in y position is reduced to maximally -t-I mm at the end of every second horizontal trace. For reference some of these levels are compiled in Table II. Observe that the shallowest depth differs somewhat from case to case. As expected penetration decreases with increasing incidence angle. Note also that penetration tends to increase with increasing intersection range and decreasing fre- observe that the displacement is not very sensitive to the frequency.
B. 2-MHz array
A map of the incident field is shown in Fig. 11 as a section in the horizontal plane, with the axis oriented horizontally. If we assume axial symmetry, this map is also representative for the vertical section. A typical profile along the interface is shown in Fig. 12 . Curiously enough, there seems to be a tiny sidelobe around 35-37 dB below the maximum also in this case, even if this type of parametric array is not expected to show such (it belongs to the parameter region II--see Appendix).
In these measurement series the accuracy in the primary source height was AH = 0.5 mm and in the incidence angle Fig. 4(b) (except, ofcourse, for the difference between the two arrays). Inspection shows that the axis of the main beam in Fig. 13(a) has negative displacement, in contrast to Fig. 4(b) . Further, both cases show one marked underlobe, which seems to be an extension of the incident beam in the 4-MHz case, but is coming from a region lying closer to the source in the 2-MHz case. Note also that the amplitude is higher in the underlobe than in the mainlobe just beneath the interface in Fig. 13(a) , and that penetration of for example the --15-dB contour is deepest in the underlobe. This contrasts the situation in Fig. 4(b) , where the highest amplitude and deepest penetration is found in the mainlobe. In both cases, interference minima are seen between mainlobe and underlobe. 
III. DISCUSSION
In this section, we discuss the observed features of the transmitted field starting just below the interface and successively progress downward. Finally, we discuss the nature of the responsible mechanism (s).
A. Evanescent wave field
We start by drawing attention to the series of fluctuations seen just beneath the interface in many cases, only some of which are included here. At first, we were inclined to believe that these were due to reflections between hydrophone and interface, which also Wingham et al. 7 mentions.
However, this explanation is hardly likely. Consider, for example, in Fig. 4 (e) the strong minimum just beneath the far edge of the incident beam that lies deeper than those seen further out. Observe that in this region, the transmitted field decays quite rapidly with depth, while this decay takes place at a slower rate as one goes deeper. We attribute this rapidly decaying field with depth to evanescent waves connected with the reflected field. The evanescent waves propagate with wave fronts perpendicular to the interface at a speed that is less than the sound speed in the lower fluid, and are continuously reradiated into the reflected field. Therefore, their amplitude decays with increasing range, as well as with depth, where the decay is exponential. Thus the fluctuations are most likely due to interference between the evanescent waves and the transmitted beam. The minima can occur only where these two waves are of nearly equal amplitude, and therefore lie deeper where the penetrating field is strong, which it is in particular just beneath the spot. In favor of this interpretation is also the fact that such interference is seen in some relevant theoretical results. 7j7 In Reft 17, the transmitted field from a point source reveals a series of fluctuations similar in nature to those observed by us.
In some cases, this interference is so strong that the usual definition of the acoustic axis of the main beam becomes meaningless in that region, as for example in Figure 4(f) . In other cases they seem not to be present, however, although this is most likely due to the shallowest trace having been taken too deep. It seems that the interference minima are Beneath the evanescent wave field, the mainlobe appears clearly in all cases observed. Although strong underlobes are sometimes seen there is never a doubt as to where the main transmitted energy is to be found.
Starting at incidence angles below critical, we notice a peculiar peaking of the contour levels along the axis, as in Fig. 4(a) . This is seen in several cases and is quite consistent. We have, however, no explanation for this. At short intersection ranges L < L• pseudosound could be a candidate, generating difference frequency signals directly in the hydrophone as it is being exposed to the primary field (recall that at subcritical incidence the primary field too is transmitted into the lower fluid). However, we do not see any signs of pseudosound when the incident field is mapped at even closer ranges, like in Figs. 2 and 11, and besides, the primary field is negligible when L = 5L•. Since the transmission coefficient varies strongly with incidence angle in this region the transmitted beam is highly asymmetric, which is easily seen from the figure, but it is highly unlikely that this effect alone is responsible for the peaking of the contour levels. Whatever the explanation might be, the effect disappears at and above critical incidence angle. small that this can be confirmed with certainty. The fact that the amplitudes are not taken vertically but along an inclined curve that is not necessarily straight, especially close to the interface, also tends to obscure the transition from evanescent to transmitted wave field. It is interesting to notice that even at subcritical incidence (55ø), the curve is not a straight line, signifying the presence of evanescent waves caused by the postcritical part of the incident beam. Moreover, the curves at the three different incidence angles demonstrate how the amplitude of the main beam decays at a more rapid rate with depth at higher incidence angles. To get a measure of how the absolute levels vary the normalization levels for each curve must be adjusted according to Table II. It is interesting to note that increasing the intersection range, or decreasing the frequency, seems to increase the penetration depth. The latter corresponds with the steeper refraction angle observed at lower frequencies. However, as already commented, the refraction angle increases slightly with increasing intersection range. Still, the amplitude penetrates deeper in this case. We are reluctant to conclude from this, however, that increasing the intersection range in general leads to increased penetration depth, for the following reason. The contribution from the evanescent waves is very important in the normalization of these curves, both concerning their amplitude at the shallowest depth and their decay constant •, which we already have shown is very angular dependent. Accordingly this contribution must be very sensitive to the angular distribution of the incident beam. However, the accuracy in the primary source attitude ( 4-0.1 ø) does not permit repeatability of the tilt angle to the precision that may be required to eliminate variations in the evanescent wave field. Thus we can not rule out that this factor is the dominant one.
Next we discuss displacement of the asymptotic transmitted axis A 2 with respect to the incident. As Figs. 9-10 show the displacement is negative for all cases where L > 3L•. Physically this is easy to explain from the following simplistic model. The wave field that contributes to the main transmitted beam must be incident below critical incidence.
The rays corresponding to these angles hit the interface on the source side of the beam center. Thus the axis A2 should intersect the interface in this region, i.e., negative displacement, which increases with incidence angle, as in fact is observed. In terms of lower fluid wavelengths the displacement at 70 ø incidence corresponds to 20 wavelengths. References 10 and 11 report that a positive axis displacement of maximally one-half wavelength is to be expected if certain condi- to the rudimentary sidelobe seen in the incident field. ]Its level, axis direction and its place of intersection with the interface all support this. For the incidence angles presented here the sidelobe is subcritical. Therefore at increasing incidence angles its relative importance also increases, as seen for example in Fig. 4(f) 
D. Linear and nonlinear mechanisms
First, we address the problem whether transmission at postcritical incidence angles is a linear or nonlinear process. In Sec. I, we stated that if postcritical transmission is observed with parametric arrays at L ) 3LA, which is indeed demonstrated to be the case, then the process must be of linear nature. As discussed above, however, the structure of the field is markedly different ifL•<lL• where still strong primary waves are intersected by the interface. This structure change is difficult to explain by purely linear processes, and opens the possibility for contributions from nonlinear effects. Thus we are led to conclude that postcritical transmission is mainly a linear process, but that when parametric arrays are used nonlinear effects may contribute to the transmitred field if the primary waves are intersected by the interface. With the aim to clarify the physical processes involved in postcritical transmission, we are proceeding with a discussion of both the linear and the nonlinear case.
The details of the linear mechanism can be outlined as follows. A beam of sound can be resolved into plane waves propagating in slightly different directions, the amplitude and phase distribution of which represents the angular spectrum. The angular spectrum is obtained by taking the twodimensional spatial Fourier transform of the source distribution, which is well known to correspond with the far-field directivity pattern. The modulus of the angular spectrum is range invariant (except closer to the source than a few wavelengths, where evancsccnt •vaves may occur), but the phasc is not, of course. In the far field, the directivity pattern is al:so range independent; at a fieldpoint here only waves propagating along the direction from the source center are found---in other words, the source may be regarded as a point. However, in the near field the beam structure does vary with range. This is because in this region waves of different directions overlap, i.e., through a fieldpoint waves of different directions pass. The source can no longer be regarded as a point, and since the solid angle spanned by the source is range dependent, the actual beam structure (which results from superposition of all waves) is range dependent too. Although the above argument is based on plane sources it is easily extended to volume sources like the parametric array. The modulus of the angular spectrum is still range independent outside the source region (if we neglect evanescent waves and situations where the source is nontransparent so that range-dependent shadow effects may occur at certain directions). clude that "it is a contradiction to state that narrow beams are highly directional." This is correct only for focused beams where the focal diameter is used to express its narrowness. For ordinary beams it is quite appropriate to use the term "narrow" on highly directive beams, as usual. On the other hand, to obtain a directlye beam the source dimension has to be large compared to the wavelength, and thus nowhere will the beam present a small-sized spot at the interface, if the source is plane. The parametric array is somewhat special in that it can provide a beam that is both narrow in directional sense and can produce a small spot. According to this discussion, the spot size is not essential for obtaining postcritical transmission. It is clear, however, that as the spot size increases due to geometrical spreading the actual width of the main transmitted beam also grows, leading to reduced amplitude although its angular spectrum remains essentially unchanged. Thus, in order to obtain a transmitted field that is spatially confined, and thus relatively strong, it is necessary to make the spot as small as possible.
Experiments (2) Nonlinear interaction between noncollinear beams is still a controversial theme, but it has been shown lately •" that such interaction may occur. If we follow a virtual elementary source in this configuration it moves along a path parallel to the interface at supersonic speed, reradiating at Doppler angles equal to the incident and reflected beam. However, to calculate the resulting field is extremely difficult-recall for instance that there are actually two sets of interacting beams--and with regard to the marginal signals so far obtained with crossed beams we are inclined to assume that this effect is negligible.
(3) Usually boundary conditions at the source are linearized with good results even in nonlinear circumstances because the field resulting from the higher-order terms is not cumulative, in contrast to interactions taking place within the propagating wave field. Here we are concerned, however, with the field rather close to the source in question, which is the spot itself. Thus one cannot disregard contributions from nonlinear boundary conditions off hand, but we are not in the position to evaluate this field here.
(4) Contributions from the evanescent wave field of the reflected primary waves can be disregarded right away, but are mentioned here for completeness. These waves propagate at subsonic phase velocity and, if they interact, can only reradiate into the upper fluid.
(5) Although the angular spectrums of the primary beams are extremely narrow there is inevitably some energy at subcritical incidence, however small. This wave field will be transmitted to the lower fluid, where nonlinear interactions continue, and must be considered as a possible contributor to the transmitted difference frequency field. However, in this experiment the ka values are of order -300 and --100 for the 4-and 2-MHz array, respectively. Thus, at 690 for example, the transmitted part of the spectrum lies outside the 10th and 4th sidelobe, giving amplitudes --30 dB and -20 dB below the incident field, respectively. This implies a reduction of source strength of more than 40 dB, which indicates that significant contributions from this field are highly unlikely.
Thus we conclude that the most likely nonlinear mechanisms that may contribute to the transmitted field are primary beam truncation, and nonlinear boundary conditions at the interface, the former being the strongest candidate at present.
IV. SUMMARY AND CONCLUSIONS
The purpose of this article is to present results from an experiment on the transmission of a sound beam at and above critical incidence on an interface between two fluids.
The two fluids (oil and water) were chosen to simulate closely a water/sand interface. The incident beam was produced from a parametric array that was arranged to intersect the interface either within the absorption limit of the primary waves, or far outside the same, with the aim to discriminate between linear and nonlinear processes active in 
